Abstract. Natural fibres offer a number of benefits as reinforcement for synthetic polymers since they have high specific strength and stiffness, high impact strength, biodegradability etc. The aim of this study is to fabricate and determine the performance of unidirectional silk fibre reinforced polymer composites. In the present initial study, alkali treated silk fibres were incorporated as reinforcing agent, while a mixture of 20% maleic anhydride grafted polypropylene (MAPP) and commercial grade polypropylene (PP) was used as matrix element. The unidirectional composites were fabricated by using hot compression machine under specific pressure, temperature and varying fibre loading. Tensile, flexural, impact and hardness tests were carried out by varying silk fibre volume fraction. Composites containing 45% fibre volume fraction had higher tensile and flexural strength, Young's modulus and flexural modulus compared to other fabricated composites including those with untreated silk fibres. SEM micrographs were taken to examine composite fracture surface and interfacial adhesion between silk fibre and the matrix. These micrographs suggested less fibre pull out and better interfacial bonding for 40% fibre reinforced composites.
Introduction
Natural fibre reinforced polymer composites have gained their popularity in the composite research because of versatility and diversified nature of their applications [1] . This is due to a range of potential advantages of natural fibres, especially with regard to their environmental performance. Natural fibres are renewable resources and even when their composite wastes are incinerated, they do not cause net emission of carbon dioxide to the environment. They are inherently biodegradable, which may be beneficial [2] [3] [4] . Among all the natural reinforcing fibrous materials, silk appears to be a promising fibre due to its high toughness and aspect ratio in comparison with other natural reinforcements [5, 6] . Moreover, the mechanical properties of silk fibres consist of a combination of high strength, extensibility, and compressibility. On the other hand, maleic anhydride grafted polypropylene (MAPP) and commercial grade polypropylene (PP) are commonly used matrices for fibre-reinforced composites due to their good interfacial bonding properties [7, 8] .
Major aims of this work are to fabricate the unidirectional silk fibre reinforced polymer (MAPP and commercial grade PP) matrix composites by varying fibre volume fraction and to determine their mechanical properties such as tensile strength, flexural strength, impact strength and hardness.
Materials and Methodology
Collection of silk fibre and polypropylene resin. Silk fibres were supplied by Sapura Silk Industries, Rajshahi, Bangladesh. Commercial grade polypropylene resin was bought from a local chemical manufacturer and distributor. Maleic anhydride grafted polypropylene (MAPP) was bought from Belgium.
Fabrication of composites. Four types of composites were manufactured. Unidirectional silk fibre composites were made using polypropylene (PP) and maleic anhydrate grafted polypropylene (MAPP) matrix. By varying fibre volume fraction (30%, 35%, 40%, 45%), 2 mm thick composites were manufactured. Steps for manufacture are given below: a) At first, alkali treated silk fibre was weighted according to the required volume fraction needed. The required amount of weight of silk fibre was weighted. b) Sufficient amount of commercial polypropylene was taken on a beaker and weighted and 20% MAPP was added with it. To prevent voids, water bubbles, poor fibre matrix adhesion the fibre and polypropylene were dried in an oven at about 100ºC for 3-4 hours. c) Mould surface was cleaned very carefully and Teflon sheet was placed over the mould surface properly for the easy removal of the product. d) A layer of polypropylene granule with MAPP was placed in a female mould and 2 mm thick die was placed surrounding the granule. e) Then one layer of continuous fibres was aligned parallel to each other onto PP granule using glue at the edges of fibre (see Fig. 1 ) and another layer of fibres was placed over prior layer.
And so on to produce as required fibre volume fraction. f) Finally, another layer of mixture of PP and MAPP was placed onto silk fibre layer. g) The female mould with aligned fibre with PP was covered by a male mould with Teflon sheet. h) Plates were placed in hot pressing machine, 185°C temperature and 85 kN pressure was applied simultaneously for about 15 min and then cooled slowly using water-cooling system. i) At last the specimen was carefully discharged from the mould. 
Results and Discussion
Tensile Testing. Stress-strain curves of unidirectional fibre-reinforced composites under longitudinal loading are represented in Fig. 2 . It is seen from this Fig. that ultimate tensile strength (UTS), modulus and percentage elongation are maximum for fibre volume fraction at highest end (45%), because the load applied to the fibre direction. Longitudinal strength is dominated by fibre strength. The stress-strain mode that operates for a specific composite will depend on fibre and matrix properties, and the nature and strength of the fibre-matrix interfacial bond. Fig. 3 represents the comparison between theoretical and experimental strength and modulus; the experimental values are lower than theoretical values. This may be due to the poor fibre-matrix interface for presence of some voids and misalignment of continuous unidirectional fibres. Fig. 4 shows that longitudinal strain increases with fibre volume fraction.
Stress-strain curves of unidirectional fibre-reinforced composites under transverse loading are shown in Fig. 5 . With the increase of fibre volume fractions, UTS, modulus and strain increases. A variety of factors will have a significant influence on the transverse strength; these factors include properties of the fibre and matrix, the fibre-matrix bond strength, and the presence of voids. Transverse UTS, modulus and strain is lower than longitudinal UTS, modulus and strain (Fig. 6) . Longitudinal strength depends upon the fibre strength and interfacial bonding between fibre and matrix. On the other hand, transverse strength depends upon the fibre-matrix interfacial strength. 
Microscopic Observations of Tensile Specimens.
The fracture surfaces of the tensile test specimens were used to examine by scanning electron microscope (SEM). To study the surface morphology of the prepared composites SEM photographs were taken for 30%, 35%, 40%, 45% fibre volume fraction, as shown in Fig. 7 . SEM of fracture surface of composite indicates that fibre pullout occurs. This is due to lack of interfacial adhesion between silk and PP-MAPP matrix. Due to intermolecular hydrogen bond formation between silk fibres and hydrophobic nature of the matrix, hydrophilic silk fibres tend to agglomerate into bundles (Fig. 7(d) ), and become unevenly distributed throughout the matrix. It is seen that for 40% fibre volume fraction composite, less fibre pullout happens, better interfacial adhesion between silk and the matrix occurs (Fig. 7(c) ). Impact testing. It is apparent from the test result presented in Fig. 10(a) that the impact strength increases with the fibre loading. There is no much variation in impact strength noticed among the composites with same fibre volume fraction.
Hardness testing. It can be noticed from the hardness test results presented in Fig. 10(b) that the hardness increases with the fibre loading. Hardness tests showed not very profound variation among all the composites.
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Summary
Variation of the properties by varying fibre volume fraction in the unidirectional silk fibre composites was observed. From the test results, it can be concluded based on the experimental range that composite containing 45% volume percentage shows higher strength than other lower fibre volume fraction composites. It was expected that with the increase of fibre volume fraction, strength of the composites will increase. As fibre contains inherent defects, strength of single fibres is not constant and poor adhesion between fibre and matrix, strength is less than theoretical strength. Hardness measurement shows not much variation in varying fibre volume fractions. Impact energy was greater in higher volume fraction composites as compared to lower volume fraction ones. Finally, it can be said that silk fibres should be incorporated highly aligned manner and parallel to each other to get substantial mechanical properties. Fibre volume fraction may be increased keeping in mind that these fibres are not entangled, defect free and do not impair proper wetting with the matrix phase. Further investigation is needed in addition to this initial study for better understanding of the behaviour of these composites.
